[1] Using the event search method of Bulow et al. (2005) , we have found 503 new deep moonquakes among the eight largest (in terms of total number) nearside source regions, increasing the number of identified events for each cluster an average of 36% over the existing catalog. These new events provide an improved deep event catalog, with which we explore some temporal and spatial aspects of deep moonquakes. First, we examine the spectra of moonquake occurrence times at each deep source region, and observe known tidal periodicities, notably those at $27 days and 206 days. Application of spectral methods for the analyses of point processes (discrete events) allows us to resolve closely spaced tidal periods not previously seen in moonquake data. Second, we pick seismic phase arrival times from optimized stacks of events from each source region. We use these picks, along with published velocity models, to relocate the nine source regions. Source regions A1 and A18 are the best located, with 95% confidence bounds of less than ±5°in latitude and longitude, and consistent with estimates from different studies. The locations of source regions A8 and A9 are poorly constrained, with uncertainties in latitude of up to ±28°resulting from the absence of clear phase arrivals at station 15. Large trade-offs exist between relocation estimates and choice of velocity model, and the lack of reliable seismic phase arrivals severely affects location error.
Introduction
[2] During the Apollo missions, a small network of seismometers was deployed on the nearside surface of the Moon as part of the Apollo Lunar Surface Experiment Package (Figure 1 ). From 1969 through 1977, these instruments continuously telemetered digitized seismic data to Earth, where they were stored on magnetic tape. Computers of that era were not capable of handling large quantities of data, so early lunar seismology studies were limited to analyses of only a relatively small number of seismograms, or to derived products such as the arrival-time data set of Nakamura [1983] . Thanks to modern computing power, this once-formidable data set is now easily stored and manipulated, and several recent studies have examined the original event waveforms [Khan et al., 2000; Lognonné et al., 2003; Nakamura, 2003; Nakamura, 2005] .
[3] Many types of seismic events were detected by the Apollo network, including meteoroid impacts, booster rocket and lunar module surface impacts, and both shallow and deep moonquakes. The original catalog [Nakamura et al., 1981] lists over 12,000 events. This paper focuses on the behavior of deep moonquakes, most of which occur between 800 and 1100 km depth [Lognonné et al., 2003; Nakamura, 2005] , and originate at discrete source regions (often referred to as clusters) within the Moon.
[4] In Bulow et al. [2005] , we presented an automated method to search through the continuous lunar seismic data for deep moonquakes that were undetected by earlier studies. The entire continuous data set had previously been explored visually, see e.g., Nakamura et al. [1980] . Application of the automated method to A1, the largest moonquake cluster (in terms of number of events), allowed us to successfully recover 123 new moonquakes. In section 2 of this paper we present results from the extension of that method to seven additional nearside deep event source regions (A6, A8, A9, A10, A14, A18, A20), and one far-side source (A33). The new and old events provide a complete catalog of all resolvable deep moonquakes from the eight largest nearside source regions (no new events were detected for the far-side region, A33).
[5] We use both the new and old events to assess some spatial and temporal properties of deep moonquakes. First, we address the tidal signatures present in the times of deep moonquakes. We examine periodicities in moonquake occurrences, both in our complete data set and at individual source regions. Second, we compare several location estimates for deep moonquake source regions. We relocate our 9 source regions using two lunar velocity models and two choices of misfit criteria. Because the eight nearside clusters analyzed in this paper comprise approximately 50% of the deep moonquakes for which arrival-time data was used in deriving velocity models [e.g., Nakamura, 1983; Lognonné et al., 2003] , their locations exert a large influence on the inferred velocity structure of the lunar mantle.
Tidal Periodicities Present in Deep Moonquake Occurrence Times
[6] Among the first observations of the lunar seismic data was the realization that some moonquakes tend to occur with tidal periodicity, presumably reflecting the dynamics of the Earth-Moon-Sun system [Ewing et al., 1971] . Later studies observed monthly and fortnightly signals in the occurrence times of what were determined to be deep moonquakes by examining histograms of the number of deep events per day as a function of time during a portion of the experiment at each of the four stations [Lammlein et al., 1974; Lammlein, 1977] . Peaks in the corresponding spectra were clearly seen [e.g., Lammlein [1977] , Figure 2] . A large spectral peak was observed near 27 days, which is close to the periods of the anomalistic and nodical months (see next paragraph). Longer-period variations in the occurrence times and amplitudes of deep moonquakes were also suggested by these studies; in particular a 206-day modulation due to the Sun's perturbations on the lunar orbit, and a 6-year modulation caused by the relative precession of perigee and the ascending node of the Moon's orbit.
[7] The monthly periods are important because they exert the greatest influence over the tides raised on the Moon by the Earth. The monthly buildup and release of tidal stress and strain within the Moon has been suggested as a possible trigger of deep moonquake activity [Ewing et al., 1971; Lammlein, 1977; Cheng and Toksöz, 1978; Minshull and Goulty, 1988] . The anomalistic month (27.554550 days) is the average time between perigee passages. Perigee is the point of closest approach to Earth in the Moon's elliptical orbit, where the Earth's gravitational influence on the Moon is strongest. The nodical month (27.212221 days) is the average time between ascending or descending nodal passages; nodes are the intersections of the lunar orbit with the ecliptic. Motion of the sub-Earth point north and south of the lunar equator occurs mainly at the nodical period, whereas east-west motion of the sub-Earth point, and variations in Earth-Moon distance, occur mainly at the anomalistic period. Both of these motions influence the spatial and temporal patterns of tidal stress.
[8] In section 3, we refine and extend previous analyses of tidal periods present in moonquake occurrence. First, as we use events from the entire duration of the experiment (including our newly discovered events), our multitaper spectral method resolves longer periods, such as the 206-day period. The larger number of events also contributes to better resolution at monthly periods. These improvements permit more accurate comparison of observed spectral peaks to those present in the dynamics of the Earth-Moon-Sun system. Second, in addition to traditional spectral estimation procedures, we calculate spectra using a ''spike-train'' approach, which is well-suited to the analysis of time series composed of discrete events [Daley and Vere-Jones, 2003 ]. This technique reveals fine structure, in particular at 27-28 days, not seen in the spectra computed from event occurrence histograms.
Locations of Deep Moonquake Source Regions
[9] The locations of our nine moonquake source regions reported in two previous studies [Nakamura, 2005; Lognonné et al., 2003 ] are shown in Figure 1 , along with the locations of the four seismic stations. The large differences among computed moonquake source locations are mainly due to the lack of reliable seismic phase arrival times (P-and S-wave picks) [Nakamura, 2005] . In addition, stations 12 and 14 are close together, meaning there are a limited number of possible source-receiver geometries, even for clusters with reliable arrivals. This results in large trade-offs between 1-D velocity structure and source location.
[10] Arrival picks for deep moonquakes are typically selected from stacked seismograms. Stacking is possible because each deep event source region appears to produce its own unique waveform, so seismograms from the same cluster will correlate with each other and can be arithmetically averaged to produce a representative, composite seismogram with improved signal-to-noise. By using the stack optimization technique discussed by Bulow et al. [2005] and incorporating our new events, we compute revised stacks for each source and pick seismic phase arrivals.
A1

A6
A8 A9 A10 A14 A18 A20 A33 S12 S14 S15 S16 Figure 1 . Shaded relief map of the nearside of the Moon (USGS [2002] ) showing locations of seismic stations numbered according to the Apollo mission on which they were deployed (triangles). The nine deep moonquake source regions relevant to this paper are also shown with locations from Nakamura [2005] (circles) and Lognonné et al. [2003] (stars); their depths range from 853 to 995 km. Note in Lognonné et al. [2003] the A10 cluster is listed as A24; these clusters have been determined to be the same [Nakamura, 2003, p. 202] . Also note that the A33 source is located on the far side (longitude 115.8°E). Grid interval is 20°and centered on 0°longitude.
[11] We use these picks and the velocity models of Nakamura [1983] and Lognonné et al. [2003] , to relocate the nine clusters. Locations estimated using both L1-norm (mean absolute value) and L2-norm (least squares) misfit criteria are presented in section 4, and discussed in section 5.
New Event Report
[12] Seismic events were originally identified from the Apollo data by visual inspection of compressed seismograms [Nakamura et al., 1980] . Despite this method's ability to generate an event catalog of impressive size, it did not allow for detection of events near or at the noise threshold. Additionally, after it was discovered that moonquakes occur with tidal periodicity, the data were inspected closely only around those times when moonquakes were expected.
[13] We have employed a method to search objectively for deep events throughout the continuous lunar seismic data set using a cross-correlation technique to identify new events [Bulow et al., 2005] . A similar technique was used previously to identify earlier cataloged but unclassified events [Nakamura, 2003] . In this study, all references to the original event catalog [Nakamura et al., 1981] refer to the version updated by Nakamura [2003] , dated January 2004. We take advantage of the repeatable waveforms produced by each moonquake source region, and stack seismograms from a given source to create a single representative trace. This trace is then used as a target for crosscorrelation with the entire continuous data set. Because the stack has higher signal-to-noise than any individual event, it increases the possibility of identifying low-amplitude events that are not visually distinguishable from noise. Bulow et al. [2005] reported the successful application of this approach to A1, the deep event group with the largest number of moonquakes. We recovered 123 new events, which is a 38% increase over the catalog updated with events from Nakamura [2003] .
[14] We have extended our search to seven other nearside clusters (A6, A8, A9, A10, A14, A18, and A20) and one far-side cluster (A33). The seven nearside clusters were chosen because they comprise the largest number of contributing events after A1, each consisting of at least 100 events. Also, arrival times from all of our nearside clusters have been used in recent estimates of seismic velocity structure [Lognonné et al., 2003; GagnepainBeyneix et al., 2006] , and so we can examine the sensitivity of phase arrival picks to the addition of any newly identified events. Finally, the geographical distribution of the eight nearside clusters that we have investigated is roughly representative of the complete deep moonquake population. However, there are still limitations in establishing deep moonquake locations, as we discuss later.
[15] For each deep cluster we generate target stacks: one per channel for each station, separately for the two modes of instrument response (for a description of instrument response, see Lammlein et al. [1974] ). The target stacks are cross-correlated with the appropriate continuous records. Times at which the cross-correlation coefficient rises above a critical value indicate times of possible events. We use the same selection criteria as Bulow et al. [2005] -new events must appear on at least 2 channels or stations. Because events recovered in this manner may not be visually distinguishable from noise, we also check that new moonquake seismograms for a given cluster stack coherently. Stacking improves the signal-to-noise ratio, and the new events are visible.
[16] For the seven nearside clusters, we recovered 380 previously unidentified deep moonquakes from the continuous data, as listed in Table 1 . The percent increase over the number of cataloged events [Nakamura et al., 1981] for each cluster ranges from 20% to 54%, with the greatest increase for cluster A14 ( Table 2 ). The average increase in events for these seven clusters is 36%, comparable to our result for A1.
[17] The number of new events returned by our search method depends on both the number of original events and the percentage of high signal-to-noise events in the target stack. Our analysis eventually fails to return new events as these decrease. In such cases the target stack does not have sufficient signal-to-noise to retrieve low-signal events from the continuous data. This was the case for the far-side cluster A33, for which we detected no new events.
Spectral Analyses of Deep Moonquake Occurrence Times
[18] Early studies of deep moonquakes detected periodicities in time series of the number of events per day recorded at each of the four seismic stations, or peaks in the corresponding spectra [Lammlein et al., 1974; Lammlein, 1977] . These studies considered all known deep events, but predated the termination of seismic data collection. Hence they used only a subset of the complete data set now available. The addition of new events to the catalog increases the temporal coverage of the data set by filling gaps in the time series where no events were previously recorded.
[19] In this section, we discuss two methods of recovering periodicities in deep moonquake times. These analyses have two important differences from previous studies. First, we use events from the full time span of the experiment, including our new events. Second, we only use events from the nine moonquake groups for which we conducted new event searches, as we are interested in detecting fine structure (in particular, sensitivity to closely spaced monthly periods) in moonquake occurrence times. Lognonné and Johnson [2007] have recently shown that the spectral characteristics of these nine clusters match those of the deep moonquake catalog [Nakamura et al., 1981] .
Multitaper Method
[20] We first apply an approach similar to that used previously. We generate a series of moonquake times for the nine clusters and calculate the number of moonquakes per 24-h day and the corresponding power spectrum. Previous studies did not report the details of the spectral estimation technique used [Lammlein, 1977] ; here we use the minimum-bias multitaper method of Riedel and Sidorenko [1995] . We explored various choices for the number of tapers; Figure 2 shows the power spectrum computed using 6 tapers. This number allows us to retain frequency resolution at the expense of noisy spectral estimates, as is evident in the power seen at high frequencies.
E09003
BULOW ET AL.: DEEP MOONQUAKE PROPERTIES [21] Spectral peaks are seen at 13-14 days and 27-28 days, with some structure in the monthly peak. However, it is not possible to distinguish between the nodical and anomalistic periods. This conclusion holds even for much finer temporal binning of the data since the total number of moonquakes in our time series is still relatively small (1936 for the nine clusters analyzed in this study). A broad peak in the power spectrum is seen close to the previously noted 206-day period, and the increase in power at the longest periods likely reflects the 6-year modulation of moonquake occurrence times. Increased smoothing using more tapers or the fully adaptive multitaper approach results in spectra with broader peaks at the monthly and fortnightly periods, and the loss of any resolution near 200 days. Thus this spectral approach, which is typically used in investigating tidal periodicities in terrestrial quakes [e.g., Tolstoy et al., 2002] , provides some insight into the lunar data but cannot distinguish fine structure in the spectrum, in particular near periods of 1 month.
Spike-Train Method
[22] We next adopt an alternative approach to investigating deep moonquake periodicities. We model the time series of deep moonquakes as a sequence of events occurring at discrete (error-free) times, where each event is represented by a delta function:
The jth moonquake occurs at time t j , and the summation is over the total number of moonquakes in the time series. This type of spike-train analysis has been applied, for example, to the spectral analysis of neuronal activity [see Buneo et al., 2003] . We construct a function representing the Fourier transform of a spike-train of N events by summing the Fourier transforms of the individual peaks:
This produces an exact spectrum of the finite series of input spikes, and retains the temporal resolution inherent in the original data set. Spectra computed using this method reveal detailed structure in the dominant monthly peak, and are sensitive enough to allow comparisons among spectra computed for individual clusters (Figure 3 ). Some clusters display split peaks at periods near 27 days, at the anomalistic and nodical months. The dominant period in each spectrum is listed in Table 3 , with an additional column for spectra that show distinct splitting at $27 days.
[23] Of note is the lack of a monthly spectral peak for cluster A20. This is because A20 consists of two groups of events, each having a near-monthly periodicity but occurring at near-opposite monthly phases. This behavior can more readily be explained in the time domain. In Figure 4 , we show phase plots for each moonquake cluster. The phase is defined as the modulus of the moonquake times with a reference period, in this case the nodical month. It is thus the remainder, in days, when an integer number of nodical Power spectral density of the number of A1, A6, A8, A9, A10, A14, A18, A20, and A33 moonquakes per day computed using the multitaper spectral estimate. Horizontal axis is in days. Peaks at $13, 27, and 206 days can be seen, and power at the longest periods likely results from a 6-year modulation of moonquake occurrence times. months has been subtracted from the event time. All event times are measured in days from the J2000 epoch, so zero phase corresponds to January 1, 2000; during the Apollo experiment time span, a zero phase relative to the nodical period also occurred, for example, on January 20, 1971. The plots shown in Figure 4 complement the spectra in Figure 3 because they also indicate sensitivity to the nodical month. For those clusters listed in Table 3 having spectral peaks at the nodical month, there tends to be a favored phase at which events occur. For A20, two distinct groups of events are evident in Figure 4 , spaced approximately 13 days apart. We computed spike-train spectra for these two groups separately, and found they both exhibit prominent spectral peaks at the nodical month. While the spectral peak for the lower group of A20 events in Figure 4 has a very slight side lobe at the anomalistic month (corresponding to the slight deviation from true nodical of that group in Figure 4 ), in Table 3 we report 27.2 days as the dominant period for A20.
Moonquake Locations
[24] We turn now to the spatial distribution of deep moonquakes. As shown in Figure 1 , moonquake source locations vary among studies. We use arrival-time picks from stacks that include our new events, along with existing lunar seismic velocity models, to investigate whether the locations of deep moonquake clusters are well-constrained.
Method
[25] As discussed by Bulow et al. [2005] , we employ a weighted iterative stacking method to produce optimized event stacks with the clearest possible seismic phase arrivals. First, an initial high-quality target event is selected. Then, on a station-by-station, component-by-component basis, seismograms from the target event are cross-correlated with all events in our expanded catalog.
[26] Events correlating with the target with absolute correlation coefficients r ! r cutoff are considered for stacking, where the cutoff is determined separately for each stack. Before the stack is formed, each individual trace is weighted by r 2 . This increases the influence of highly correlating events on the stack, improves the visibility of seismic phase arrivals, and produces a cleaner stack than a simple arithmetic average of seismograms.
[27] The cross-correlation procedure is then repeated, this time using the weighted stack as the target. To optimize the stack, the process is iterated until the number of events E09003 BULOW ET AL.: DEEP MOONQUAKE PROPERTIES added to the stack stabilizes. We find good convergence after four iterations. P and S arrival-time picks made from optimized stacks for the nine clusters we have analyzed are summarized in Table 4 (sample optimized stacks for A1 are shown in Figure 17 of Bulow et al. [2005] ). Uncertainties in the traveltime picks are also reported. For completeness, optimization was performed for A33 despite the lack of new events detected for that cluster.
[28] We use these arrival times along with two representative lunar seismic velocity models [Nakamura, 1983; Lognonné et al., 2003 ] to re-estimate the deep moonquake cluster locations. Because the arrival-time data provide poor coverage of the lunar crust and mantle, the velocity structure is not very well constrained, and there are large trade-offs between the chosen model and the resulting cluster location [Gagnepain-Beyneix et al., 2006; Lognonné and Johnson, 2007] . Rather than further examine this trade-off, we investigate the sensitivity of location estimates to the number of arrival-time picks and their uncertainties, and the choice of misfit criterion for a particular velocity model. For each cluster we ray trace through a specified velocity model and use a grid-search algorithm to find the best fitting cluster location, obtaining results for two misfit norms, L1 and L2. Each arrival-time pick is weighted by its estimated uncertainty.
Results
[29] Our new location estimates for the different velocity models and misfit criteria are given in Table 5 , along with the previously published locations for each cluster [Nakamura, 2005; Lognonné et al., 2003] . Note from Table 5 that the relocated depths of clusters A8, A9, A10, and A14 are highly variable and are sometimes outside the commonly accepted zone of 750 -1000 km depth for deep moonquakes. Table 5 . Initial, L1, and L2 Latitude, Longitude a , and Depth b (q, f, z) for two Velocity Models These clusters have no picks from station 15 and only S-wave picks from station 16, severely limiting the ray geometry ( Figure 1 ). Reliable depth estimates are not possible from the restricted pick information for these clusters. We recompute their locations, using a fixed depth given by the mean value of the other five source regions ($850 km). A similar approach was used by Nakamura et al. [1982] .
[30] These locations are plotted in Figure 5 , together with 95% confidence regions at the best fitting depth for each cluster, computed using chi-square statistics for the L2-norm and the Nakamura [1983] velocity model. The larger error ellipses occur for those clusters with small numbers of picks and disparate individual location estimates. The confidence regions for A10 and A14 indicate the presence of two local minima in their misfit functions, both north and south of the equator. This phenomenon arises from the lack of picks from station 15 to the north, so that approximately symmetric solutions are possible on both sides of the nearly east-west line connecting the remaining stations. This also explains the north-south elongation of the A8 and A9 error ellipses.
[31] Good agreement among the location estimates is seen for clusters A1 and A18, indicating that these locations are the most reliable and well constrained. Location estimates for clusters A6, A10, and A20 show more scatter, and those for clusters A8, A9, and A14 span large angular distances. Locations for A33 are consistent except for the L1 estimate using the Lognonné model.
Discussion
Temporal Characteristics
[32] Moonquake occurrence clearly exhibits tidal periodicities, as evidenced by the existence of peaks in the spectra at 1 month (due to the orbit of the Moon around the Earth) and 206 days (due to the perturbation of the Moon's orbit by the Sun); see Figures 2 and 3. Spectra calculated using the multitaper method display a single peak near 27 days, similar to those of Lammlein [1977] . This similarity exists because the same type of time series is used to compute each spectral estimate -a histogram of number of moonquakes per unit time, where the time interval used for binning is 1 day. The 206-day period is better resolved than previously due to our use of events spanning the full length of the experiment (rather than the events between 21 April 1972 and 21 May 1974 used by Lammlein [1977] ). However, despite our longer time series and increased number of events, the multitaper method does not reveal any fine structure in the monthly spectral peak.
[33] In the work of Lammlein [1977] , the single monthly peak is interpreted as the nodical period. In that study, it is then suggested that the lack of spectral peaks at the anomalistic month is due to its variable length (between 25 and 28.5 days with a period of 7.5 anomalistic months), and that moonquake occurrence times governed by this period would result in a broad spectral peak. Our Fourier spectra computed using the spike-train approach, however, resolve both the anomalistic (27.55 days) and nodal (27.21 days) monthly periods in moonquake occurrence times, when the full time series is used. When using the subset of events between 4/21/1972 and 5/21/1974, resolution at the monthly period is reduced (Figure 6 ). This is because ( À1 $ 2000 days are necessary to resolve the peak, and the subset of data used by Lammlein [1977] covers only 761 days.
[34] Among the clusters we have analyzed, the dominant period is usually the anomalistic month (clusters A6, A8, A10, A14, A18, and A33), with the nodical month often appearing as a secondary peak (Table 3) . Some deep event clusters respond mainly to only one period, meaning any secondary peaks are small (clusters A8, A9, A20, and A33). We believe the split peaks, when present, represent a true sensitivity of different clusters to similar forcing periods.
Spatial Characteristics
[35] A rough estimate of the uncertainties in the locations of each deep moonquake source region can be obtained by comparing published locations with our L1 and L2 norm solutions for the different velocity models and noting the size of the 95% confidence regions ( Figure 5 ). Estimates of L2 location error in latitude and longitude (the mean N-S and E-W extrema of the 95% confidence limits) for our nine clusters computed using the Nakamura [1983] velocity model are listed in Table 6 , along with the root-mean square (RMS) residual at the best fitting location and the number of arrivals available. In general, the sizes and shapes of the 95% confidence contours reflect the scatter in the different individual relocation estimates.
[36] Clusters that exhibit general agreement in location estimates and small error ellipses are those possessing P-and S-wave arrival-time picks on the greatest number of stations (Table 4 ). In particular, for accurate locations it is important to have picks from the three corners of the triangle defined by stations 15, 16, and either 12 or 14 (see Figure 1) . Stations 12 and 14 are not separated enough for their arrival-time information alone to provide much resolution. If picks are lacking from station 15, as is the case for clusters A8, A9, A10, and A14, then the location quality is poor and the possible locations scatter in a north-south direction roughly perpendicular to the line connecting stations 12 and 16, or can even possess multiple misfit minima, as is seen for A10 and A14. Locations for these clusters are very poorly constrained in latitude, although locations south of the equator are probably more likely than those to the north because of the lack of clear arrivals for these clusters at station 15.
[37] We can compare our uncertainties with the uncertainties from Nakamura [2005] . Note, Table 2 of that paper lists 1-sigma uncertainties in latitude and longitude computed from a single velocity model [Nakamura, 1983] . So, twice those values (2-sigma) are comparable to our uncertainties estimated from the 95% confidence contours, which were computed from the same velocity model (Table 6 ). As expected, our latitude uncertainties for clusters A8, A9, A10, and A14 are considerably larger. Among the other clusters, the location estimates agree within the uncertainties, and the uncertainties in the location estimates computed from the same velocity model [Nakamura, 1983] are comparable.
[38] The best and most robust locations (latitude, longitude, and depth) are obtained for clusters A1 and A18, with A6, A20, and A33 being slightly less well constrained. It is these clusters that provide the best estimates of the depths of deep clusters and the strongest constraints on deep lunar velocity structure.
Conclusions
[39] We have conducted a new event search for nine deep moonquake clusters, eight on the nearside and one on the far side. This has allowed us to recover 503 new events, an average increase of 36% over those reported in the catalog [Nakamura et al., 1981 [Nakamura et al., , updated 2004 .
[40] Investigation of moonquake occurrence times using multitaper spectral estimation techniques confirms the presence of 27-day, 206-day, and possibly 6-year periodicities. The use of a longer time series and the addition of our new events produces better resolved spectral peaks at 27 and 206 days, compared with previous studies [Lammlein et al., 1974; Lammlein, 1977] . The spike-train approach allows detection of fine structure at monthly periods and suggests that moonquake occurrence times exhibit multiple monthly periodicities corresponding to different forcing periods in the Earth-Moon system.
[41] Arrival-time picks from stacks including our new events allow us to re-estimate deep moonquake source locations. There is considerable trade-off with velocity structure as noted in previous studies. Large discrepancies in location estimates for some clusters are due to the small number of clear seismic phase arrivals. In particular clusters for which there are no or few picks at stations 15 and/or 16 show large north-south scatter in location estimates.
[42] The new events significantly enhance the lunar catalog for the eight largest nearside clusters. The assessment of location estimates suggests that two clusters -A1 and A18 -are well-located. The spectral characteristics of moonquake occurrence at these clusters are somewhat different, but both possess spectral peaks at the anomalistic and nodical months. The temporal and spatial constraints provided here can be used in future deterministic models of moonquake occurrence, and indicate that findings for betterlocated clusters may guide understanding of other deep moonquake source regions. 
